MgLi system alloys with over 11 mass% Li have an excellent cold-workability in Mg alloys due to the bcc-structured crystal system. However this system alloys have poor corrosion resistance caused by Li solid-solution alloy. The corrosion resistance of conventional hcp-Mg alloys is influenced by the composition of impurity elements. Particularly, minute iron element deteriorates the corrosion resistance of Mg alloy and there is a threshold concentration on the corrosion rate in Mg alloys. In this study, the effect of iron element on the corrosion resistance of MgLi alloy was investigated by addition of iron. The corrosion resistance of MgLi with no Fe addition was higher than conventional Mg alloy. The corrosion rate of MgLi alloy increased with increasing iron concentration. However, there is no threshold iron concentration affected to the corrosion resistance on MgLi alloy.
Introduction
Mg alloy is subject to increasing the demand because Mg alloy is the lightest metal material for structural use with high specific strength compared with other ferrous and non-ferrous alloys. Therefore, Mg alloys are used for aerospace and transportation components to reduce the weight and the fuel consumption. However, the workability of this alloy is not good due to hexagonal closed packed crystal structure. Mg alloys are generally used as cast (including die-cast) and hot/ warm formed products. In the 1960s, MgLi system alloys such as LA141 (Mg-14 mass% Li-1 mass% Al) have been developed to improve the cold workability of Mg alloy.
1) The crystal structure of MgLi alloys with over 11 mass% Li becomes body-centered cubic (bcc) structure that is Li solid solution alloy.
2) As a result, MgLi alloys are able to severe plastic deformation at room temperature. On the other hand, MgLi alloys have poor corrosion resistance because Li element has the lowest standard electrode potential in all-metal elements. Especially, cold-worked MgLi alloy bring the exfoliation corrosion that fractured along the rolling plane as the progression of corrosion in the longitudinal section and the transverse section of the cold-rolled sheet. The corrosion resistance of Mg alloys depends on the impurity trace elements with high standard electrode potential such as iron, nickel and copper.
3) It causes the galvanic corrosion between Li solid solution matrix and precipitates. These contaminations of trace elements in commercial Mg metal and alloys are strictly regulated by ASTM standards. For example, iron element is restricted to less than 50 ppm of the composition of Mg alloy. Further contamination of iron causes the degradation of corrosion resistance, and more than 160 ppm of iron elements in Mg alloy severely deteriorates of the corrosion rate. 4) However, there is not reported about the effect of these trace elements on the corrosion behavior of MgLi alloy because previous reports are only about hcp-structured Mg alloys. In this study, the corrosion resistance of bccstructured MgLi alloy contained trace iron element and the effect of the concentration of iron element were investigated.
Experimental Procedures
LA141 (major composition is Mg-14 mass% Li-1 mass% Al) alloy with additional trace iron was prepared by remelting alloy and immersion of 10 © 30 © 0.5 mm 3 pure iron plate into 30 g of LA141 alloy melt. Remelting MgLi alloy was conducted at 973 K in Ar atmosphere. The iron concentration in LA141 alloy was controlled by varying the immersion time from 3.6 to 21.6 ks. The composition of as-received LA141 alloy was shown in Table 1 . These trace iron concentration in LA141 alloy was measured by atomic absorption spectroscopy (AAS) using Hitachi high-technologies Z-2710 polarized Zeeman atomic absorption spectrophotometer. These ingots were homogenized at 673 K for 3.6 ks in Ar atmosphere. These alloys were cut out to the size of 10 © 10 © 50 mm 3 and were cold-rolled to 87.5% of the rolling reduction. The cold-rolled specimens were annealed at 373 K for 3.6 ks for the purpose of elimination of residual strain induced by coldrolling. The corrosion behaviors of these alloys with various conditions were measured. In as-rolled and annealed specimens, corrosion behaviors were investigated on the longitudinal section to the rolling direction. The corrosion rate of these alloys were measured by potentiodynamic measurement (anodic polarization) using the electrochemical measuring system composed of HOKUTO denko HA-501G potentio/ galvano stat and HB-111 function generator. The long-term immersion test was performed in 5 mass% NaCl aqueous solution. The corroded surface was observed by optical microscopy using Nikon Eclipse MA-100 optical microscope.
Results and Discussion
As a result of chemical analysis by AAS, the iron concentrations of each specimen were 29 ppm (as-received) and 152, 186 and 229 ppm (additional iron), respectively. All specimens consisted of bcc-structured Li solid solution single phase. There were no visible precipitates from the result of microstructural observations. Figure 1 shows the macroscopic images of homogenized specimens after immersion test for 14.4 ks. The filiform corrosion progressed in allover the corrosion surface. As increasing iron concentration of the specimen, it increased the area of filiform corrosion and the whole surface was covered with white corrosion products when the iron concentration increased to 229 ppm. In this study, specimens could not be contaminated by other elements such as copper and nickel because addition of impurity was using only pure iron. The pitting corrosion was also observed in the sample with high iron concentration and the number of pitting site increased with increasing iron concentration. The relationship between the corrosion current density and the corrosion potential of homogenized specimen and the iron content was shown in Fig. 2 . There was no threshold content of iron element on corrosion sensitivity in this experimental composition range. The corrosion potential was less noble with increasing the iron concentration. Also, the corrosion current density linearly increased with increasing iron content. The corrosion current density of other hcpMg metal and alloys were listed in Table 2. 510) The corrosion current density of this alloy was equivalent to that of other hcp-Mg alloys. Assuming that the major alloying elements (Mg, Li and Al elements) were soluble in accordance with alloy composition to NaCl aqueous solution, the corrosion rate, equivalent to the weight loss rate, was calculated from the value of the corrosion current density using following equation: when the major alloy components were soluble as following electrochemical reaction: Table 2 . The calculate corrosion rate from the value of i corr has a good agreement with experimental value of weight loss rate. 8) There was few report of the iron solubility of MgLi alloys or Li solid solution alloys. It is not clear the existence state of trace iron whether solute to the matrix or fine precipitates. The threshold concentration of iron element to which the corrosion rate rapidly increases may exist in the lower region.
The relationship between the corrosion rate and iron concentration was shown in Fig. 3 . The corrosion rate of Fig. 3 The relationship between iron concentrations and the calculated corrosion rate of LA141 alloys.
Effect of Impurity Fe Concentration on the Corrosion Behavior of Mg-14 mass%Li-1 mass%Al Alloy cold-rolled and annealed specimens also increased with increasing the iron content. The corrosion rates with 29 ppm of iron concentration were comparable in all specimens, however cold-rolled and annealed specimens with high iron content had high corrosion sensitivity. It can be explained this trend from the residual strain induced by cold-rolling. The microstructure with deformation band and high dislocation density was susceptible to the anodic dissolution reaction.
12)
The corrosion rate of annealed specimens with high iron content was lower than that of as-rolled. In spite of the annealed specimen was relaxed to some extent by microstructural restoration, the residual strain was not entirely released. Figure 4 shows macroscopic images of as-rolled specimens after 43.2 ks. The as-rolled specimen with 29 ppm iron was covered with the oxide film on the corrosion surface and the oxide film was partly broken in the specimen with 152 ppm iron in the same immersion period. As increases iron concentration, the breaking of oxide film occurred in earlier immersion period. There were microcracks along the grain boundary in longitudinal and transverse sections of as-rolled and annealed specimens with 186 and 229 ppm of iron content. These microcracks lead to origination of the exfoliation corrosion. 13) Even though the specimen has only 29 ppm iron, microcracks appeared after longer corrosion test. The exfoliation corrosion was eventually observed in asrolled and annealed specimens regardless of iron concentrations in LA141 alloy. The initiation time of the exfoliation corrosion decreased with increasing the iron concentration because the high iron content alloy become more sensitive to the corrosion progression.
Conclusion
The effect of impurity iron element on the corrosion rate of Mg-14 mass% Li-1 mass% Al alloy was investigated. The corrosion rate linearly increased with increasing iron concentrations. The threshold content of iron was not indicated in this composition range. The absolute value of corrosion rate of LA141 alloy with several hundred ppm was not remarkably high compared to commercial hcpstructured Mg metal and alloys. The cold-rolled LA141 alloy has more sensitive to exfoliation corrosion with the increase of iron concentration, although the sensitivity of exfoliation corrosion was improved to some extent by annealing due to the residual strain induced by cold-rolling was relieved.
